Abstract. At present, cirrhosis is an incurable liver disease. Transforming growth factor β (TGF-β) is important in myofibroblast induction during the cirrhosis initiation process. The current approach in the development of hepatoprotective drugs depends on TGF-β inhibition. San Huang Shel Shin Tang (SHSST) is a traditional herbal decoction able to exert a protective effect on the liver, however, similar to silymarin, it is limited by its hydrophobicity. In the present study, SHSST was modified with β-cyclodextrin to form a hydrophilic complex, which improved its bioavailability. In the carbon tetrachloride-induced acute injury animal model, the effects of pretreatment with silymarin, baicalein, SHSST and the SHSST-β-CD-complex (SHSSTc) at a low and high dose were assessed. The biopsy results revealed marked liver protection following treatment with silymarin, baicalein and SHSST and these effects were improved further following pretreatment with SHSSTc. Protein analysis demonstrated that the hepatoprotective effects of silymarin occurred through inhibition of the TGF-β/Smad-3/connective tissue growth factor (CTGF) signaling pathway. SHSSTc exerted the same protective mechanism, however, SHSSTc suppressed CTGF level to a greater extent compared with the groups treated with SHSST or silymarin. Only pretreatment with SHSST and SHSSTc exhibited partial enhancement in the expression of proteins involved in the regulation of liver regeneration, including extracellular-signal-regulated kinase 5, phospho-nuclear factor of activated T cells 3 and phospho-GATA4.
Introduction
In the Asian population, non-alcoholic fatty liver disease is an increasing public health concern, which encompasses fibrosis, cirrhosis and hepatocarcinoma (1) (2) (3) (4) . Owing to this, it is necessary to develop a novel drug, which is more efficient and lowers the necessary dosage in order to treat this disease and prevent side effects.
The mechanism of carbon tetrachloride (CCl 4 )-induced liver acute injury and fibrosis is hypothesized to act through the trichloromethyl free radical (CCl3 • ) produced from its metabolism by the cytochrome P450 enzyme (5) . The metabolic products of the trichloromethyl free radical are converted to the trichloromethyl peroxy radical (CCl3OO • ) (6) . Liver fibrosis is associated with an activated inflammatory response through expression of pro-inflammatory cytokines (7) . Interleukin (IL)-6 is a cytokine that is able to trigger the inflammatory cascade and cell death in hepatocytes. In addition, connective tissue growth factor (CTGF) level is increased in patients with liver cirrhosis (8, 9) . TGF-β is a key mediator of cirrhosis (10, 11) . Anti-cirrhosis drugs are able to prevent and reverse the process of fibrosis through the inhibition of TGF-β and CTGF.
Silymarin is a promising treatment against CCl 4 -induced acute liver injury. Silymarin is a herbal liver-protective drug with four flavonolignan isomers, including 60-70% silybin, 20% silychristin, 10% silydianin and 5% isosilybin (12, 13) . San Huang Shel Shin Tang (SHSST) is also a cocktail-like traditional herbal decoction used for liver protection in China. SHSST is composed of 50% Rheum officinale Baill, 25% Scutellaria baicalnsis Geprgi and 25% Coptis chinensis Franch. Rheum has been reported to have a liver protective effect folowing CCl 4 -induced injury in rats (14, 15) . Scutellaria and Coptis were also identified to have similar hepatoprotective effects in acute hepatotoxicity (16) (17) (18) . The coinciding liver protective effects between Rheum officinale, Scutellaria baicalnsis and Coptis chinensis are due to their shared bioactive compounds, including potent flavonoids, such as baicalein (19) (20) (21) (22) (23) .
SHSST and silymarin are potential liver protection drugs, but are limited by poor water solubility and poor bioavailability (30%) (24) (25) (26) . A formulation approach is necessary for increasing the solubility of these drugs. β-cyclodextrin (β-CD) modification is able to increase the solubility and spectral properties of the hydrophobic drugs, without altering their intrinsic ability to permeate the cell membrane (27) (28) (29) . Thus, SHSST was modified to a SHSST-β-CD-complex (SHSSTc) and evaluated in the present study.
Janus kinase (JAK) phosphorylation is mediated through IL-6 activation (30). Furthermore, signal transducer and activator of transcription 3 (STAT3) is a downstream protein of JAK and regulates the hepatocyte regeneration (30) . In addition, extracellular-signal-regulated kinase 5 (ERK5) and nuclear factor of activated T cells (NFAT) are also implicated in liver regeneration (31, 32) . In the present study, silymarin and baicalein were used in the evaluation of inflammation-regulated IL-6 expression and fibrosis-regulated TGF-β expression in CCl 4 -induced acute injury. Additionally, proteins involved in the regulation of liver regeneration were also analyzed in association with SHSSTc-mediated liver protection effects.
Materials and methods
Preparation of SHSSTc and drug treatment. The SHSST complex with β-CD was prepared by co-precipitation. β-CD (70.0 g) was dissolved in distilled water (85 ml) at 70˚C in a water bath for 1 h. SHSST (10.0 g) in 15 ml ethanol was slowly added to the β-CD solution with continuous agitation for 6 h. Following this, 40 ml of ethanol was added dropwise to regulate the solubility of the hydrophobic solute in the β-CD solution. Subsequently, the solution was refrigerated overnight at 4˚C. The precipitated SHSSTc (SHSST:β-CD=1:9 in weight) was recovered by filtration and washed with ethanol to remove unencapsulated SHSST. This residue was dried in a vacuum at -20˚C for 48 h. The final powder was stored at 4˚C until use.
Silyma r in and baicalein were purchased from Sigma-Aldrich (St. Louis, MO, USA). The silymarin, baicalein, SHSST and SHSSTc stock solutions for treatments were prepared by dissolving in distilled deionized water at 100 mg/ml each. CCl 4 was dissolved in olive oil at a concentration of 4% v/v.
High performance liquid chromatography (HPLC) analysis.
Baicalein, SHSST and SHSSTc were dissolved in the mobile phase solution (69% 60 mM phosphoric acid water solution and 31% acetonitrile, pH 3.2) and analyzed by HPLC with ultraviolet detection, using a C-18 column (Mightysil RP-18 GP column; Kanto Chemical Co., Iwiki, Japan) and the flow rate was 1.0 ml/min. Baicalein was detected using a UV-VIS detector (SPD 20A/20AV; Shimadzu Corporation, Kyoto, Japan) at an absorbance of 279 nm.
Animal model. A total of 42 Sprague-Dawley rats were purchased from BioLASCO Taiwan Co., Ltd (Taipei, Taiwan) and divided into the following seven groups (n=6): Control (group I), CCl 4 intraperitoneal injection treatment (group II), CCl 4 intraperitoneal injection combined with silymarin (100 mg/kg/day) oral treatment (group III), CCl 4 intraperitoneal injection combined with baicalein (30 mg/kg/day) oral treatment (group IV), CCl 4 intraperitoneal injection combined with SHSST (30 mg/kg/day) oral treatment (group V), CCl 4 intraperitoneal injection combined with sSHSSTc (30 mg/kg/day) oral treatment (group VI) and CCl 4 intraperitoneal injection combined with SHSSTc (300 mg/kg/day) oral treatment (group VII). After 4 weeks of pretreatment, the CCl 4 intraperitoneal injection (0.2 ml/kg) was applied to all groups with the exception of the control group. Subsequently, the liver tissue was collected from all rats 48 h after CCl 4 intraperitoneal injection. The study was approved by the ethics committee of the Institutional Animal Care and Use Committee (100-4-B) of the China Medical University (Taichung, Taiwan).
Hematoxylin and eosin (H&E) staining.
The livers of rats in each group were soaked in 10% formalin, dehydrated through graded alcohols and embedded in paraffin wax. Subsequently, the 0.2 µm-thick paraffin sections were cut into slices from these paraffin-embedded tissue blocks. The tissue sections were deparaffinized by immersing in xylene and rehydrated. All slices were stained with H&E and then rinsed with water. Each slide was dehydrated through graded alcohols. Finally, the samples were soaked in xylene twice. Photomicrographs were obtained using a Zeiss Axiophot microscope (Carl Zeiss Inc., Oberkochen, Germany).
Masson's trichrome staining. The livers of rats in each group were soaked in 10% formalin, dehydrated through graded alcohols and embedded in paraffin wax. Subsequently, the 0.2 µm-thick paraffin sections were cut into slices from these paraffin-embedded tissue blocks. The tissue sections were deparaffinized by immersing in xylene and rehydrated. The samples were then stained with Masson's trichrome staining to investigate histological and fibrotic alterations in the liver. Photomicrographs were obtained using a Zeiss Axiophot microscope.
Tissue protein extraction. Liver tissue extracts of six rats in each group were obtained by homogenizing in a lysis buffer (0.05 M Tris-HCl, pH 7.4, 0.15 M NaCl, 0.25% deoxycholic acid, 1% NP-40 and 1 mM EDTA) at a ratio of 100 mg tissue/1 ml buffer. The homogenates were placed on ice and then centrifuged at 18,900 x g for 40 min. The supernatants were collected and stored at -80˚C for further experiments.
Western blot analysis. The protein concentration of liver tissue extracts was determined using the Lowry protein assay. Protein samples were separated using a 12% SDS polyacrylamide gel electrophoresis with a constant voltage of 75 V for 2 h. The proteins were then transferred onto Statistical analysis. Data are expressed as the mean ± standard deviation of three independent experiments. Statistical analysis was performed using a one-way analysis of variance. For paired samples, Student's t-test was applied. Statistical analysis was conducted using SigmaPlot, version 10.0 (Systat Software, Inc., San Jose, CA, USA) and P<0.05 was considered to indicate a statistically significant difference.
Results
In the process of precipitating SHSSTc (SHSST:β-CD=1:9 weight), washing and filtration is necessary to unencapsulate SHSST. The β-CD complex modification increased the formula weight of the SHSSTc. The bioactive components, including baicalein, were compared between SHSSTc and SHSST. HPLC analysis revealed that SHSST contained 54.5 mg/g baicalein and SHSSTc contained 4.6 mg/g baicalein (Fig. 1) . This result demonstrated that the concentration of baicalein present in SHSST was 11.8 times greater than that in SHSSTc.
The liver biopsy with H&E staining is shown in (Fig. 2) . CCl 4 induced cell death surrounding the microvascular and caused vacuole-like structures. The hepatocytes were protected with a complete structure in the groups pretreated with silymarin, baicalein, SHSST, SHSSTc (low dose) and SHSSTc (high dose). Masson's trichrome staining is useful in the detection of cirrhosis with collagen indicated in blue. In the CCl 4 -induced fibrosis group, marked collagen accumulation was observed. The collagen accumulation decreased in the silymarin, baicalein and SHSST treatment groups. In addition, collagen accumulation was undetectable in the high dose and low dose SHSSTc treatment groups (Fig. 2) .
IL-6 signaling pathway analysis revealed an increase in IL-6 protein level after 48 h of CCl 4 -induced inflammation (Fig. 3) . However, IL-6 expression decreased significantly following pretreatment with silymarin and partially decreased following pretreatment with baicalein, SHSST and SHSSTc. After 48 h CCl 4 -induced inflammation, p-JAK expression was partially increased, however, no suppression was observed in the groups pretreated with silymarin, baicalein, SHSST and SHSSTc. The STAT3 expression level was only decreased in the group pretreated with silymarin after 48 h of CCl 4 -induced inflammation.
The levels of TGF-β, Smad-3 and CTGF were increased 48 h after CCl 4 -induced acute injury (Fig. 4) . Following pretreatment with silymarin, the TGF-β signaling pathway was significantly inhibited in the SHSSTc high and low dose pretreatment groups. SHSSTc exerted the same protective mechanism and exhibited greater suppression of the CTGF level compared with SHSST and silymarin treatment. Pretreatment with baicalein and SHSST was also able to partially reduce the protein level of TGF-β, Smad-3 and CTGF.
Proteins involved in the regulation of hepatocyte regeneration, including ERK5, p-NFAT-3 and p-GATA-4 were analyzed (Fig. 5) . The CCl 4 -induced injury did not stimulate regeneration in the liver without pretreatment with any drugs. The pretreatment of silymarin and baicalein was able to increase ERK5 and the expression of p-NFAT-3. p-GATA-4 expression was increased in the liver of the SHSSTc low dose pretreatment group and partially increased in the silymarin, baicalein and SHSST pretreatment groups.
Discussion
In the present study, hydrophobic SHSST was altered to hydrophilic SHSSTc through β-CD complex modification. Baicalein was selected as the standard used in the bioactive ingredient for HPLC analysis of SHSST and SHSSTc. The results demonstrated that SHSST contained 11.8 times more baicalein as SHSSTc at the same weight. The protective effects of pretreatment with SHSSTc (low dose and high dose) were similar to silymarin, baicalein and SHSST in the CCl 4 -induced acute liver injury. Hepatocyte renewal in mild inflammation is mediated through IL-6 and downstream activation of JAK/STAT3 (33) . In the present study, CCl 4 -induced acute injury increased the expression of IL-6. Pretreatment with hepatoprotective drugs, including silymarin, baicalein, SHSST and SHSSTc, reduced the protein level of IL-6. However, alterations in p-JAK expression were not detectable in all drug pretreatment groups due to the short half-life of p-JAK. A previous study identified that the half-life of JAK activation was <20 sec (34) . However, downstream STAT3 protein expression in each group was similar 
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to that of IL-6. Although the activation of STAT3 is regulated during hepatocyte regeneration, peroxisome proliferator-activated receptor leads to the degradation of STAT3 through hepatic oxidative stress and loses its original function (30) . In cirrhosis, TGF-β is important as a negative regulator of proliferation and an inducer of CTGF synthesis (35, 36) . Several approaches aim at inhibition of TGF-β function as a priority target for the development of antifibrotic drugs. In the present study, CCl 4 -induced acute injury caused TGF-β/Smad-3/CTGF activation, which was decreased significantly by pretreatment with silymarin and SHSSTc (high dose). SHSSTc exerted a greater suppression on CTGF level than SHSST and silymarin. The results confirmed the antifibrotic effects of silymarin through inhibition of TGF-β/Smad-3/CTGF and also suggested the SHSSTc exhibited a more significant antifibrotic effect than silymarin (37) .
ERK5 is activated by TGF-β in hepatocytes, which also regulates the proliferation and migration of hepatic stellate cells (38, 39) . In the present study, all pretreated groups exhibited partially enhanced ERK5 expression (Fig. 5) . The increase in p-NFAT expression levels only occurred in the silymarin and baicalein groups and the lack of NFAT activation may cause incomplete liver regeneration (32) . In addition, the development of the mammalian liver is dependent on GATA-4 activation (40). However, GATA-4 phosphorylation was only induced in the SHSSTc low dose treatment group.
In conclusion, the β-CD complex modification of SHSST promoted the water solubility and increased the bioavailability of SHSST. Thus, the dose necessary for original SHSST in cirrhosis therapy can be reduced at least 10 times through using SHSSTc. In addition, SHSSTc exerts stronger antifibrotic effects than silymarin and baicalein and acts through the inhibition of the TGF-β/Smad-3/CTGF signaling pathway similarly to silymarin and baicalein.
